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Abstract
We report on organic solutions ofCuCl 2,InClg, and elemental sulfur for electrodepositing CuIn xSv films. CuInS 2 and
CuInSe 2 are promising solar cell materials; our work on CuInSg prefaces planned work on plating CuInSe 2 from nonaque-
ous solvents. Two promising solvent systems are (1) mixed propylcne carbonate and water and (2) mixed ethylene glycol,
propionic acid, and water (Engelken et al., 1988). Gray-brown films ofCuInxSy (nominally GuInS 2 ) have been plated from
both baths. Major problems include (1) reduction ofCu+2 to Cu and Cu xS by the solvent at high temperatures (T>l()0°C),
hence depleting Cu+2, (2) poor adherence/uniformity, (3) controlling stoichiometry, and (4) sluggish indium deposition.
The paper willdiscuss our routes to solving these problems and present filmdata.
Introduction
CuInS 2 is a ternary I-III-VL2 compound semiconduc-
tor with a direct energy gap (bandgap) of 1.5 eV. It has
potential as a low-cost photovoltaic material for the fabri-
cation of solar cells, although it has yet to demonstrate
the device effectiveness of its sister compound CuInSe 2.
Electrodeposition of CuInS 2 is preferred over some other
deposition techniques because itis cost effective (requir-
ing very simple and inexpensive materials and equip-
ment) and is easy to monitor and control.
A significant amount of research has been performed
over the last decade on the electrodeposition and charac-
terization of CuInSe 2, (Pern et al., 1988; Guillen and
Herrero, 1994; Fritz and Chatziagorastou, 1994; Molin et
al., 1994a; Molin et al., 1994b), but there has been little
work and very few publications (Fearheiley et al., 1993;
Cattarin, Dietz and Lawerenz, 1994; Cattarin, Guerriero
et al., 1994;) on the photoelectrochemistry of CuInS2.
The work reported herein focused on the electrode-
position of polycrystalline CuIn xSy films at temperatures
near 100°C. Several organic solvents were investigated.
The best results were obtained withmixed propylene car-
bonate and water baths and mixed ethylene glycol, propi-
onic acid, and water baths pre-saturated with elemental
sulfur and containing GuCl 2, InCl3, and KC1. A discus-
sion of these results obtained is presented below.
Materials and Methods
The apparatus used in the experiments consisted of
an EG&G Princeton Applied Research Model 362 scan-
ning potentiostat, a Hewlett Packard 7046-B x-y-t
recorder, Pyrex beakers, and a Teflon beaker cover wit
appropriate holes for the insertion of electrodes. Fo
voltammetric analysis and actual deposition, the classica
three electrode approach was used. A 15 cm x 1.0 cm
Poco graphite strip was used as anode and a 5.0 cm x 3.
cm piece of Donnelly ITO(indium tin oxide-coated glass
as cathode. A saturated Ag/AgCl reference electrod
(Fisher Scientific) was also used. Approximately half o
the electrode area ( ~ 7 cm-) was immersed in the soli
don. Other supplies and reagents used included Aldricl
propionic acid (PA), Fluka propylene carbonate (PCT
Fisher sodium citrate, and Alfa/Johnson Matthey sulfui
ethylene glycol (EG), triethylene glycol (Tri-EG), CuCl.
CuNacjEDTA, InGl5,and KC1.
A Rigaku D-MAX x-ray diffractometer was used t<
obtain a plot of intensity vs. goniometer angle (20). The
process gives an indication of the relative crystallinity o
the film samples. A Perkin-Elmer Lambda H
UV/VIS/NIR spectrophotometer was used for optica
absorbance vs. wavelength spectroscopy.
Several different deposition voltages were investigat-
ed in order to find the value at which the most photoac-
tive and probably most stoichiometric films were
obtained. The deposition range was between -0.6 V and
-1.4V, and the deposition time ranged from 10 to 40 min.
(depending upon the temperature). The voltage was
swept from +0.6 V to -1.4 V (Ag/AgCl) during the cyclic
(photo) voltammograms. The deposition temperature (T)
ranged from 8()°G to 120°G (113-120 C being the melting
point of sulfur). The films were rinsed either in iso-
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propanol or water and allowed to dry at room tempera-
ture.
Two different solvent mixtures (withseveral combina-
tions within each) were used as the electrolyte. The differ-
ent mixtures used were (a) propylene carbonate and
water, and (b) propionic acid, ethylene glycol or triethy-
lene glycol, and water. Elemental sulfur was saturated in
the organic solvents at T>113°C prior to the addition of
water. The bath was cooled and 0.0 1M InCl3,0.001 M
CuCl 2, and 0.05 M KC1 (already dissolved in the
required water ) were added to it.The propylene carbon-
ate and the propionic acid/triethylene glycol-based baths
contained 0.015 M sodium citrate, which acted as a metal
ion complexing agent. The propionic acid/ethylene gly-
col-based baths did not contain complexing agents; the
pH of the baths ranged between 2.0 and 2.7. The amount
of water in the propylene carbonate baths was varied
from 5% to 33% by volume, while 15 ml H2O was always
used in the propionic acid/glycol baths. Water was added
to the baths to increase the indium salt solubility, indium
ion concentration and, thus, the electrical current level.
Although the addition of water decreases the elemental
sulfur solubility, it aids not only in the dissociation of the
Results and Discussion
The propylene carbonate (PC)/water mixture that
produced the best results (most uniform and photoactive
films) was composed of 100 ml PC], 0.2 M S, 0.01 M
InCls, 0.001 M CuCl2,0.05 MKC1, 0.015 M sodium cit-
rate, and 10 ml H2O. The solution was pale yellow in
appearance. Thin gray-brown films of CuInxS y were
deposited on ITO between -1.0 V and -1.5 V. The films
were greenish in tint at less negative potentials, indicting
the presence ofCuS. Some mixed green-brown films were
also deposited. Ifthe films were allowed to deposit for
too long of a time, they wouldbecome too thick and flake
off within the solution. The time it took for the films to
grow "too thick" was a function ofthe temperature of the
bath, concentrations of the ions/ electrolytes (especially
water), and hence the electrical current level(s).
Figure 1exhibits an x-ray diffraction (XRD) plot for a
thin brown film deposited from a propylene
carbonate/ water bath a -1.4 V for 10 min at 100 "C. The
filmexhibits both CuInS2 (Fig. la) and CuS (Fig. lb)
XRD structures. Figure 2 presents a cyclic voltammogram
that was run on a comparable solution containing only
InCl3.No distinct deposition structures are seen. A sharp
rise near -1.0 V corresponding to metallic indium plating
is observed and a very small corresponding stripping
peak is observed at -0.8 V (Fig. 2a). With the addition of
0.001 M CuCl2 and 5 ml H2O to the solution, a large-
Goniometer Angle, 2G (Degrees)
Fig. la. X-ray diffraction (XRD) data for a CuInxSy film
electrodeposited onto an ITO-coated glass from a mixed
propylene carbonate and water bath. Vertical lines denote
standard powder diffraction file card peaks for CuInS 2
Fig, lb.XRD data for the same filmas in Fig. la, with the
vertical lines denoting standard powder diffraction file
card peaks fro CuS ((5-464). The result indicates the pres-
ence ofboth CuInS2 and CuS phases in the film.
metallic Cu deposition peak and smaller stripping peaks
appear (Fig. 2b).
The major problems laced were (a) poor adher-
ence/uniformity of the film,(b) controlling stoichiometry
(green CuS, brown Cu 2_xS, and golden In2S3 patches were
sometimes present), (c) sluggish indium deposition (as
evidenced by the presence of a greenish CuS color in/on
the filmeven at highly negative deposition potentials),
and (d) browning of the solution at higher temperatures
due to the reducing properties of the solvent and sponta-
neous formation of Cu-S and/or Cu-In-S precipitates
which depleted the copper ions.
The results obtained with propionic acid (PA), tri-
ethylene glycol (Tri-EC), and water mixtures were not
very encouraging. Tri-EC, a very strong reducing agent at
high temperatures, reduced Cu2+ to Cu and Cu xS, hence
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Fig. 2a. Cyclic voltammogram (I-Vplot) showing Inplat-
ing and stripping from a mixed propylene carbonate and
water bath (presaturated with elemental S) on an ITO-
coated glass.
Scale: X axis: 0.2 V/in Y axis: 0.2 mA/in
Scan rate: 5 mV/s Range: +0.6 V to -1.3 V
Temperature: 95 °C
Fig. 2b. Cyclic voltammogram (I-V plot) showing primari-
ly the Cu waves from a mixed propylene carbonate and
water bath (presaturated with elemental S) on an ITO-
coated glass substrate.
Scale: X axis: 0.2 V/in Y axis: 0.2 mA/in
Scan rate: 5 mV/s Range: +0.6 V to -1.3 V
Temperature: 95 C
depleting Cu 2+. Even though the ratio of Cu:In was 1:10,
the films deposited were Cu-rich, as willbe evident from
the x-ray diffractometry plots presented later. The
absence of peaks during XRD in most of the films indi-
cated their amorphous nature. Often, a white, foamy,
polymer-like filmwas observed on the film/substrate;
this was probably an organic product.
A mixture of PA, ethylene glycol (EG), and HL,O in
the ratio 8:1:1 by volume has produced the best results to
date. Gray-brown films were electrodeposited from the
above mixture in the voltage range of -0.5 V to -0.8 V.
XRD of a uniform brown film electrodeposited at -0.8 V
for 30 min. at 90 C produced matches with the standarc
powder diffraction file lines for two different phases o:
CuInxS.. (CuInS 2 and CuIni,S 17 (Fig. 3)). CuS was not
indicated at all in this film.An optical spectrophotometei
plot of absorbance vs. wavelength for another film
deposited at -0.7 V for 30 min. at 100°C shows a sharp
rise near 800 nm, which correlates with the wavelength
associated with CuInS 2 's bandgap of 1.5 eV (Fig. 4)
Voltammetry of the bath exhibits three cathodic
deposition structures at -0.15 V (CuxS), -0.55 V (CuInS 2),
and -1.0 V (beginning of metallic indium plating). Indium
and copper stripping peaks are also observed (Fig. 5a). hi-
silu photocurrents were observed when photovoltamme-
try was performed at room temperature. Their magni-
tude was the largest from -0.6 V to -0.8 V, which corre-
sponds to the CuInS 2 plating region (Fig. 5b). At high
temperatures the magnitude of the background currents
was so large that the photocurrents could not be dis-
cerned.
Fig. 3. XRD data for a CuIn xSv film electrodeposited
from a mixed propionic acid, ethylene glycol, and water
bath at -0.8 V. The vertical lines denote standard powder
diffraction file card peaks for CuInnS l7 (34-797). The
result indicates the presence of both CuInxSy and CuS
phases in the film.
Note that the photocurrents increase substantially at
the shoulder of the second cathodic "wave" beginning at
-0.55 V. Note that this wave exhibits typical diffusion
peaking and limiting behavior, as does the CuxS plating
wave at -0.15 V. Allindications are that this is where the
underpotential plating of indium commences positive of
the metallic indium plating potential (== -1.0 V) due to the
activity reduction provided via chemical reaction with the
Cu and S to form Cu-In-S, In-S, and Cu-In phases. Since
the indium ion concentration is much larger than that of
copper, one might expect the indium plating to either
"track" the cathode surface sulfur or copper concentra-
tions and diffusion-limited currents or discharge fluxes,
Proceedings Arkansas Academy of Science, Vol.50, 1996
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Fig. 4. Plot of optical absorbance vs. wavelength for a film
Lelectrodeposited from a mixed propionic acid, ethyleneglycol, and water bath at -0.7 V. The absorption edge near800 nin corr sponds to CuInS^ s 1.5 eV bandgap.
Fig. 5a. Cyclic voltammogram (I-Vplot) showing the Cu,
CuInS2,and In waves for a solution containing 120 ml
ethylene glycol (presaturated with 0.2 M S), 15 ml propi-
onic acid, 10''M CuCl2> 10-M InCl3,5xl()'-'MKC1, and 15
ml H20.
Scale: X axis: 0.2 V/in Y axis: 0.2 mA/in
Scan rate: 2 mV/s Range: +0.6 V to -1.4 V
Temperature: 22 C (room T)
with the smaller set probably the rate/discharge deter-
mining factor(s). For example, if the surface sulfur con-
centration and/or reaction rate (with the metals) were
sufficiently low, one might expect the In to plate only in
the presence of Cu or S atoms to form CuInS.,, with
excess Cu existing as a separate phase. The Cibb's free
energy associated with Cu-In metallic alloys might sup-
port some underpotential plating ofInin the presence of
Cu but not as facilely as in the presence of both Cu and S.
In this case one might obtain a CuInS L,:CuxInv mixed
phase with grains of CuInS., or closely related phases
appearing in X-ray diffractrometry.
Fig. 5b. Cyclic photovoltammogram (I-V plot) showing
the Cu, CuInS 2,and In waves for the same bath as in Fig.
5a.
Scale: X axis: 0.2 V/in Y axis: 0.1 mA/in
Scan rate: 2 mV/s Range: +0.6 V to -1.4 V
Temperature: 22 C (room T)
Figures 6a and 6b exhibit scanning electron micro-
graphs of a typical CuInxSv sample at two different mag-
nifications (5 kX and 20 kX, respectively). Note the dis-
tinct grains roughly 0.2 to 0.5 microns inbreadth. Table 1
exhibits the corresponding energy dispersive X-ray (KDX)
analysis after a portion of the film was removed from the
ITO-on-glass substrate by the "tape-and-peel" method to
avoid interference from the indium and other elements in
the ITO. Note that the film is both a bitcopper rich and
sulfur deficient, as is not surprising because the copper is
more facile in plating than the indium, and the copper is
able to plate by itself at the -0.6 to -1.0 V range used for
deposition (i.e. Cu does not require the presence ofIn or
S to plate in an "underpotential" mode even though In
does require at least one of the other two elements to
plate at this voltage). Note that the Cu(U1,;:iIn()il<,7,,S 0;ls:,,,
can be expressed as Cuo.i9 SoIno.i93oSo.3 859:Cu0.2233In0.0049;
that is CuInS._, with excess Cu metal since the S atomic
percentage is almost twice that of In, as in CuInS.,.
Similar data for another CuInxSy filmis shown in Figures
7a, 7b, and Table 2 with the same trends occurring, and a
possible mixture composition of Cu() l:.((l((In0 1866^0.2732'
Cu0.3404S0.n32 probably indicates a mixture of CuInS2,
CuxSv and Cu. Cu-rich CuInxSy phases tend to be p-type,
which is consistent with the predominantly cathodic pho-
tocurrents observed during photovoltammetry.
Note that the photocurrent magnitudes increase
again as the currents begin to increase near the metallic
In wave near -1.0 V as more indium begins to be dis-
charged due to the increasing electrical energy available.
It is likely that additional CuInS 2 and InxS, (versus solely
non-photosensitive Cu or CuxS) are being plated in this
region; that is, the film is losing its gross Cu-richness and
Proceedings Arkansas Academy of Science, Vol.50, 1996
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Fig. 6a. Scanning electron microscopy (SEM) data for a
CuInS 2 film electrodeposted from a mixed propionic
acid, ethylene glycol, and water bath at -0.7 V. The 5kX
magnification enables one to observe the uniform nature
of the film.
Fig. 6b. SEM data for the same filmas in Fig. 6a, with a
20kX magnification factor that clearly shows the polycrys-
tallinenature of the film.
p-type nature and approaching intrinsicity.
The films deposited from this solvent were relatively
uniform (as compared to those from propylene carbonate
and other baths) and adherent. There was no chemical
degradation of the solvent at high temperatures. Effective
indium plating was observed and CuClc, did not convert
to CuxS in solution since EG is not a very strong reducing
agent and H+ ions in the bath tend to redissolve any sus-
pension that is formed. The uniformity of the films might
Fig. 7a. SEM date for a CuIn xS v film electrodeposted
from a mixed propionic acid, ethylene glycol, and water
bath at
-0.6 V. The 5kX magnification enables one to
observe the nonunifoi mities in the filmcrystals.
Fig. 7b. SEM data for the same filmas in Fig. 7a, with a
2()kX magnification factor.
be further improved by reducing the reaction rate with
the help ofcomplexing agents.
Conclusions
Gray-brown polycrystalline GuIn xS v (nominally
GuInS 2) films were successfully electrodeposited from
mixed propylene carbonate and water baths and propi-
onic acid, ethylene glycol, and water baths. The films,
especially with the latter bath, were uniform and adhered
well to the surface of the ITO. In-silu photocurrents were
Proceedings Arkansas Academy of Science, Vol.50, 1996
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Energy dispersive X-ray (EDX) analysis for the film in
Figure 6a.
KV=1().() TILT=30.0 TKOFF = 28.4
BKG PT1 = 4.2 BKG PT2 =7.0
CONCENTRATION
WT% AT% %S.E.
CUL 42.98 41.63 2.24
SK 20.10 38.58 1.35
INL 35.93 19.79 2.50
Table 2
Energy dispersive X-ray (EDX) analysis for the filmin
Figure 7a.
KV= 1().() TILT=30.0 TKOFF = 28.4
BKG PT1 = 4.2 BKG PT2 = 7.0
CONCENTRATION
WT% AT% %S.E.
CUL 51.91 47.70 2.12
SK 21.22 38.64 1.50
INL 35.93 13.66 3.50
)bserved, and the best voltage for the deposition of the
ilms was observed to be between -0.6 V and -0.8 V
Ag/AgCl). Future work willinvolve further improve-
ment in the uniformity of the films, attempts to obtain
perfectly stoichiometi ic CuInS 2 films, and electrodeposi-
tion of CuInSe^ films for which this process is a precur-
sor. We plan to form n-CdS/p-CuInX 2 (X = S, Se) solar
cells completely through high temperature electrodeposi-
ion processes as part of our work in the Arkansas
\dvanced Photovoltaic Materials Research Center under
he AR/NASA EPSCoR program.
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